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Hierarchically porous sulfur-containing activated carbons were prepared by ice-templating from an
aqueous sodium poly(4-styrenesulfonate) (Na-PSS) solution followed by a single 800 C pyrolysis step.
This thermal treatment induced crosslinking, with the in-situ generation of Na2SO4 (activating agent),
before carbonization and activation. The thermal treatment also resulted in the formation of sulfur salts,
which could be converted to elemental sulfur upon a simple HCl acid wash. The sulfur content in the
monoliths measured by microanalysis could be increased from 17.07 wt. % to 39.74 wt. % by incorporating
additional Na2SO4 into the monoliths prior to pyrolysis. The sulfur was uniformly dispersed within the
micropores of the carbon, and could be selectively removed by degassing (heating under vacuum) at
different temperatures, revealing speciﬁc surface areas of up to 1051 m2 g1. The materials were char-
acterized by various techniques and were also evaluated for their potential as cathode materials for the
lithiumesulfur battery. This work may open up new and facile routes to prepare sulfur-containing porous
carbons for applications where its presence is beneﬁcial.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Structured porous carbons, derived from templating strategies,
have shown promise in a number of advanced energy conversion
and storage systems, including H2 storage, and as electrodes for
supercapacitors, fuel cells, lithium-ion, lithium-air and lith-
iumesulfur batteries [1e15]. Of particular interest are hierar-
chically porous carbons [10e14], which have pore sizes spanning
multiple size-domains (macro-, meso- and/or micro-pores), and
heteroatom-doped porous carbons [13e20], due to their functional
physical and chemical properties which can give rise to enhanced
performance. Current strategies for the fabrication of templated
porous carbons typically employ either ‘hard’ or ‘soft’ templates to
direct the pore formation; however the synthesis, assembly and
subsequent removal of such sacriﬁcial templates may make the
processing complex and ultimately costly [1,13,14]. Hierarchically
porous structures may be achieved by subsequent activation of
templated carbons [20e24], or through the use of templates withLi), zhanghf@liverpool.ac.uk
r Ltd. This is an open access articlmulti-modal porosity [25e28]; however such strategies add extra
steps and further complexity to these processes.
The lithiumesulfur (or LieS) battery has been championed as a
possible high-performance and low-cost alternative to the estab-
lished lithium-ion battery (LIB) [6,7]. By employing a metallic
lithium anode and a sulfur-based cathode, LieS battery could
achieve a theoretical speciﬁc capacity of 1675 mAh g1, over ﬁve
times that of lithium-ion batteries [6,7]. Numerous obstacles still
remain before the LieS battery can be considered commercially
viable; many of which are associatedwith the sulfur-based cathode.
Such problems include poor electrical conductivity of elemental
sulfur, its destructive volumetric expansion on charging, and the
solubility of Li2Sx intermediates in electrolytes which results in
poor cycle stability [6,7]. The use of carbon-sulfur composites as
alternative cathode materials has been found to mitigate these is-
sues; with the carbon acting as a conductivematrix andmechanical
buffer, whilst restricting Li2Sx diffusion from the electrode and
maintaining good access of Li-ions to the sulphur [6,7].
The carbonesulfur composites are commonly prepared by
incorporating S into porous carbon [29e36]. For example, sulfur
was incorporated into a mesoporous silica (SBA-15) templated
carbon (CMK-3) via a melt-infusion method achieving a high S
loading 70 wt. % and very good performance for LieS batteries wase under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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synthesis routes associated with templating strategies erode the
merits of the LieS battery in terms of green credentials and cost-
effectiveness. Similarly, the multistep melt-infusion process typi-
cally used to introduce sulfur into the pores adds further steps to
the fabrication process, meaning a simple and facile alternative
process is highly desirable. Synthesis of intrinsically S-doped car-
bons has been reported from thiophene-based monomers or
polymers [37]. However, the S contents are normally quite low
(<10%).
Ice-templating can be regarded as a relatively facile strategy for
the fabrication of porous materials, particularly porous polymers
[38,39]. However, carbonization of ice-templated structures is
challenging. Due to the absence of a rigid template during
carbonization, the porous structure may be lost through melting,
foaming, decomposition or destructive volumetric shrinkage of the
physically-bonded polymer matrix during high temperature
treatment [13,40,41]. This problem also exists for porous carbons
derived from soft templates and emulsion templates e but may be
overcome by chemically crosslinking the carbon precursors prior to
carbonization [13,40]. A high degree of crosslinking not only allows
retention of the porous morphology on carbonization but also
limits thermal decomposition of the precursors into volatile, low
molecular weight carbonaceous compounds [40].
For ice-templated porous carbons, this problem was ﬁrst over-
come by Nishihara et al. who prepared a crosslinked resorcinol-
formaldehyde (RF) network before subjecting it to the ice-
templating process, which allowed the characteristic ‘honeycomb’
type morphology to be retained on carbonization [42]. Hong et al.
reported a method where they successfully carbonized iodine-
infused ice-templated polystyrene monoliths [43]. Interestingly,
the morphology was not retained without treatment with iodine e
suggesting that the iodine induced crosslinking of the structure;
possibly through H-abstraction and resultant coupling of aryl rad-
icals upon pyrolysis. Recently, we were also able to overcome this
problem by employing polyacrylonitrile (PAN) as the carbon pre-
cursor; here the polymer could be crosslinked via a thermal
annealing step in air prior to carbonization, allowing the ice-
templated structure to be retained [41].
In this report, we show that hierarchically porous sulfur-
containing activated carbons can be fabricated via the ice-
templating of an aqueous Na-PSS solution, followed by a one-step
thermal treatment process under argon (Fig. 1). Aligned macro-
pores are introduced from the ice-crystal templates. Thermal
treatment of the freeze-dried polymer induces chemical cross-
linking and the in-situ generation of Na2SO4 (activating agent) at
~400 C. Continued heating to 800 C results in the pyrolysis of the
polymer, with simultaneous chemical activation by the in-situ
generated Na2SO4. Elemental sulfur, which was found to reside
within the micropores of the material, forms upon subjecting the
materials to a simple acid wash after carbonization. The surface
area of the resulting carbons can be easily tuned by selectively
removing the sulfur, achieved by simply degassing at different
temperatures. Proposed mechanisms for these processes are dis-
cussed in relation to the observations, characterization data and
previous literature reports. Cyclic voltammetry and constant cur-
rent potentiometry measurements were performed to evaluate
their potential as LieS battery electrodes.
2. Experimental
2.1. Materials
Sodium poly(4-styrenesulfonate) (Na-PSS, MW 70,000) and
sodium sulphate (>99.0%, anhydrous) were purchased from SigmaAldrich and used without additional puriﬁcation. Hydrochloric acid
(12 M), deionized water and standard GPR grade solvents were
used routinely as required.
2.1.1. Ice-templated Na-PSS monoliths (i-PSS)
In a typical procedure, Na-PSS (1.5 g) was dissolved in deionised
water (10 cm3) at room temperature. The aqueous solution was
transferred to disposable 10  75 mm borosilicate glass test tubes
(purchased from Fisher Scientiﬁc®), with approximately 1.5 cm3 of
the solution per test tube. The tube with the solution was slowly
immersed into a bath of liquid nitrogen at a rate of approximately
0.5 cm min1. The frozen samples were freeze-dried for approxi-
mately 48 h using a VirTis AdVantage freeze dryer to give dry Na-
PSS monoliths.
2.1.2. Carbonization to produce porous carbon monoliths
Carbonization of the i-PSS was achieved by placing the freeze-
dried sample into a rectangular ceramic crucible and heating in a
Carbolite® horizontal compact tube furnace to 800 C at a rate of
5 C min1, under a constant ﬂow of Ar (approx. 100 cm3 min1).
The sample was then held at 800 C for 150 min before being
allowed to cool naturally to room temperature. Safety note, upon
removing the samples from the furnace and their exposure to ox-
ygen, the materials could become very hot and risk igniting any
nearby ﬂammable vapours e therefore extreme care should be
taken. The basis of this pyrophoric reaction is discussed in the re-
sults and discussion section. After carbonization, the samples were
washed in HCl (2M), to remove remaining salts and induce pre-
cipitation of elemental sulfur. Since the acid wash also results in the
release of H2S, the washing process should be always carried out in
a fume hood. After the acid wash, the materials were washed with
deionizedwater at least 3 times to ensure removal of any remaining
salts. The washed samples were dried under vacuum at 60 C
overnight. The overall yield was around 32%.
2.2. Characterization and measurement
2.2.1. Material characterization
Thermogravimetric analysis (TGA) was carried out using a
Q5000IR TGA from TA instruments with an automated vertical
overhead balance. Measurements were performed by heating the
sample specimens at a rate of 5 C min1 to 1000 C under a N2
atmosphere for non-carbonized samples, and at 20 C min1 to
600 C for carbonized samples. Sample morphology was deter-
mined via scanning electron microscopy (SEM) using a Hitachi S-
4800 SEM, with samples adhered to Hitachi M4 aluminium stubs
with conductive carbon tape. Non-conducting samples were addi-
tionally sputter-coated with a thin layer (~2 nm) of gold using an
Emitech K550X automated sputter coater. Some samples were
additionally imaged using a JSM-6700F FE-SEM to obtain high-
resolution samples. The microstructure of the carbon materials
was imaged using a JEOL 2100 LaB6 transmission electron micro-
scope (TEM) at a working voltage of 200 kV. Fourier transformed
infrared spectroscopy (FTIR), employing a PerkinElmer Spectrum
2000 instrument, was employed to characterize the functional
groups and crystalline species within the carbonized materials.
Energy dispersive X-ray (EDX) analysis was carried out on the JSM-
6700F FE-SEM, where the working voltage was 10 kV and working
distance was 15 mm. BrunauereEmmetteTeller (BET) speciﬁc
surface areas, pore volumes and BarretteJoynereHalenda (BJH)
pore size distributions were obtained by N2 sorption at 77 K using a
Micromeritics ASAP 2420 volumetric adsorption analyser. Samples
were degassed for 24 h prior to measurement at the temperatures
of 150, 200, 250 and 300 C. Pore volumes and size distributions up
to 200 mm were obtained by Hg-intrusion porosimetry using a
Fig. 1. Schematic representation of the process to prepare the hierarchically porous sulfur-containing activated carbons.
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diffraction (PXRD) patterns were obtained using a Bunker GADDS
XRD systemwith a Cu K-a radiation source. Crystalline species were
identiﬁed by PXRD by comparison of the obtained patterns with the
JCPDS database. Crystalline parameters of the semi-graphitic car-





where n is an integer, l is the X-ray wavelength, d is the spacing
between the atomic lattice planes, t is the mean size of the crys-
talline domains, K is a dimensionless shape factor (taken as 0.9), b is
the full width at half of the maximum (FWHM) intensity of the
peaks, and q is the angle of incidence between the incoming ray and
the scattering planes. The data were processed, normalized and
smoothed using Origin® software.
Raman spectra were recorded using a Renishaw InVia Raman
Microscope ﬁtted with a 633 nm laser, calibrated against a silicon
wafer reference. The surface chemistry of the samples was studied
on a VG ESCA LAB-220i XL X-ray photoelectron spectrometer (XPS)
with an exciting source of Al. Elemental analysis was performed
using a Flash EA 1112 Series CHNSeO Analyzer using cysteine sul-
fanilamide methionine (BBOT) as a standard and 8  5 mm pressed
Sn capsules to contain sample specimens.2.2.2. Electrochemical evaluation
The electrochemical performance of the materials as LieS bat-
tery electrodes was evaluated by cyclic voltammetry (CV) and
constant current potentiometry (CCP) measurements using an
Autolab PGSTAT302 workstation and NEWARE battery tester,
respectively. The electrodes were fabricated by coating a slurry ofthe active material (80 wt. %), carbon black (10 wt. %) and poly-
vinylidine ﬂuoride (PVDF) (10 wt. %) in N-methyl pyrrolidone onto
an aluminium foil current collector, before drying under vacuum at
80 C overnight. The dried electrode and Al current collector was
then punched into 1 cm3 disks (approx. 3 mg active material per
disk) and assembled into 2032 button cells in an argon-ﬁlled glove
box with lithium foil, a Celgard 2325membrane and approximately
70 mL of 1 M Lithium bis(triﬂuoromethane sulfonyl) imide (LiPF6) in
1,3-dioxolane/dimethoxyethane (1:1 v/v ratio) with 5 wt. % LiNO3
as the counter electrode, separator and electrolyte, respectively.
The current density for the CCPmeasurements was 100mA g1 and
the voltage cut-off window was 2.0e2.6 V vs. Li/Liþ. The CV mea-
surements also had a voltage window of 1.9e2.7 V vs. Li/Liþ and a
scan rate of 50 mV s1. When potentials <1.9 V were employed,
large, irreversible reduction peaks occurred which were attributed
to the reduction of LiNO3 in the electrolyte. This resulted in large
irreversible capacity and poor subsequent cycling stability. CV had a
slightly broader voltage window (0.1 V at þve and ve end) than
CCP to ensure the peaks were not cut off prematurely.3. Results and discussion
3.1. Preparation and characterization of the S-containing porous
carbon monoliths
To prepare the initial ice-templated Na-PSS monoliths, aqueous
solutions of Na-PSS were subject to directional freezing and freeze-
drying. Concentrations ranging between 50 and 250 mg cm3 were
employed to produce stable monoliths, displaying the character-
istic ‘honeycomb’ morphologies of ice-templated structures
(Fig. S1) [38,39]. In this report we focus on the concentration of
150mg cm3 to act as a representative example, which is denoted i-
PSS hereafter. This concentration was chosen due to its favourable
mechanical stability (monoliths from lower Na-PSS concentrations
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structure as viewed by SEM (Fig. 2a).
When carbon nanoﬁbers or soft-template derived porous car-
bons are fabricated, the carbon precursors require chemical cross-
linking prior to pyrolysis [13,40,41]. The most common precursors
for soft-templated carbons include poly(furfuryl alcohol) and
resorcinol- or phenyl-formaldehyde. In these cases, it is the
monomers which are subject to ‘templating’ or self-assembly pro-
cesses e before being polymerized under mild conditions to give
stable crosslinked structures. The soft templates may then be
removed by washing or through decomposition during carboniza-
tion. Pre-formed polymers are generally not suitable precursors for
most soft- and hard-templating processes, since the highmolecular
weight of the polymers can hinder the self-assembly of the tem-
plates, or diffusion into the pores of pre-formed templates [41,44].
For the common carbon-ﬁbre precursor polymer poly-
acrylonitrile (PAN), crosslinking is achieved through an oxidativeFig. 2. SEM image of i-PSS (a) before pyrolysis, (b) the mass loss proﬁle by TGA, (c) SEM im
SEM image of the monolith carbonized at 800 C and (f) the resulting PXRD pattern, (g) SEM
Scale bars are 20 mm unless otherwise stated.annealing (or curing) step by heating at a slow rate to about
250e300 C in air [45]. This process induces cyclization and
intermolecular crosslinking of the PAN polymers which stabilizes
the structure on pyrolysis [41]. Similarly, in the fabrication of lignin-
derived carbon ﬁbres, it has been suggested that oxidative stabili-
zation induces the breakdown of relatively weak intermolecular
bonds and subsequent oxidation and crosslinking of the molecules
[46,47]. This elevates the glass transition temperature and allows
the ﬁbres to tolerate the harsh pyrolysis conditions.
In this work, it was found that ice-templated Na-PSS monoliths
could be carbonized successfully without an apparent crosslinking
step e which suggested that one may be occurring in-situ. To
investigate, the thermal stability of the ice-templated Na-PSS
monoliths was ﬁrstly evaluated by TGA (Fig. 2b). It can be seen that
a signiﬁcant mass loss occurs at approximately 400e450 C, before
another one between 500 and 700 C. The latter can be attributed to
carbonization of the organic material, i.e., the breakdown ofage of the monolith treated at 450 C under Ar and (d) the resulting PXRD pattern, (e)
image of carbonized monolith after acid washing and (h) the resulting PXRD pattern.
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ewith the release of various pyrolysis gasses such as H2O, SO2, CO2,
CO, H2S and CH4 e as polycondensation, aromatization and partial
graphitization of the remaining carbon occurs. The small mass loss
(<10%) prior to 400 C was attributed to the release of physically
bound water because the sodium sulfonate groups are hydroscopic
and likely retain moisture [48].
Further investigation was performed on heating the i-PSS
monolith to 450 C under Ar. SEM imaging revealed the presence of
crystalline species on the surface of the polymer (Fig. 2c). The PXRD
pattern (Fig. 2d) shows the crystalline material is highly likely to be
Na2SO4 (JCPDS no. 1-990). This implied that Na2SO4 was formed at
this relatively lower temperature. The generation of Na2SO4 is
thought to be a side product from the crosslinking of the i-PSS
porous polymer (see discussion on mechanism in the Supporting
Information). This is supported by the fact that, after the 450 C
heat-treatment, the monoliths had turned from the original yellow
colour to dark brown andwere now insoluble inwater (other than a
slight brown colouration), indicating a crosslinked nature (Fig. S2).
When the monolith was directly pyrolysed at 800 C under Ar,
the ice-templated structure was retained, and the presence of
micron-sized cuboidal species on the sectioned surface was
observed (Fig. 2e). PXRD analysis was performed to identify the
species, with the most prominent peaks being assigned to
Na2S.9H2O (JCPDS no. 1-1085, Fig. 2f) as well as some residual
Na2SO4 (JCPDS no. 1-990). Some smaller peaks were also present
which could not be easily assigned or distinguished from noise, but
suggested other minor species may also be forming in side re-
actions. It is suggested that Na2SO4 formed at 450 C was converted
to Na2S at higher temperatures; likely via the carbothermal
reaction:
Na2SO4 þ 2C/ Na2S þ 2CO2 (1)
Further, when the carbonized monolith (from pyrolysis at
800 C) was washed in 2M HCl, it released effervescence with a
sulfurous ‘rotten egg’ odour, whose origin could be attributed to the
neutralization reaction:
Na2S þ 2HCl/ 2NaCl þ H2S (2)
Three further rounds of washing with deionized water could
remove the remaining crystalline species, as conﬁrmed by SEM
(Fig. 2g) and PXRD (Fig. 2h) e with the latter clearly showing the
characteristic (002) and (101) Bragg peaks associated with a semi-
graphitic carbon. After carbonization, the yieldwas 53.13%, but then
fell to 31.84% after the acid wash, which also implied the presence
of other components. For clarity, carbonized i-PSS is denoted as i-
PSSC, and carbonized and acid-washed i-PSS is denoted as i-PSSC-
AW from here on.
The surface areas and micro-/meso-porosity of the i-PSSC-AW
was determined by N2 sorption. Such measurements ﬁrstly require
degassing of the samples by heating under vacuum for an extended
period, in order to remove physically-bondedwater from the pores.
It was found that the degassing of the carbonized and acid-washed
samples at 200 C for 24h left a white/yellow residue on the cooler
areas of the sample tubes (Fig. S3a). This residue was analysed by
EDX and found to be 100% sulfur (Fig. S3b) e suggesting that S was
present within the porous structure. A control experiment inwhich
commercially obtained elemental S was subject to the same
degassing conditions showed the same behaviour (sublimation and
the collection of a white/yellow residue on the cooler areas of the
tubes) e indicating S in its elemental form (S8) present within the
porous carbons. The sublimation behaviour of solid S in a vacuum
has also been documented and studied previously by others [49].Moreover, it was found that by simply varying the degassing
temperature (degas duration constant at 24 h) the mass of sulfur
removed from the monoliths could be tuned (Fig. S3a). Under-
standably, N2 sorption measurements of the samples revealed an
increased quantity of N2 adsorbed with increasing degas temper-
ature (Fig. 3a). It is clearly seen that the majority of the pores by N2
adsorption are micropores and the volume of the micropores in-
creases with the degassing temperature (Fig. 3b). Indeed, a linear
correlation between BET speciﬁc surface area and the degas tem-
perature is observed (Fig. 3c), and so does the correlation between
the pore volume and the degas temperature (Fig. 3d). The graphs
show how the surface area and pore volume change with the degas
temperature. However, there is no physical meaning or explanation
for this linear relationship. This suggests that the elemental sulfur
resides predominantly within themicropores of the porous carbons
rather than the surfaces and walls of the macropores. Furthermore,
EDX elemental mapping of the sample showed a uniform disper-
sion of sulfur, supporting the above observations (Fig. 4).
The high BET surface area and pore volume revealed after S
removal at degassing temperature of 300 C (1051 m2 g1 and
0.43 cm3 g1, respectively) suggested that the carbon had been
‘activated’ via some mechanism, since ice-templating and carbon-
ization alonewould not give such high values [41]. Themechanisms
occurring during carbon activation can be classiﬁed as either
‘physical’ or ‘chemical’ processes. Physical activation occurs with
the exposure of the carbon tomildly oxidising gasses (e.g. H2O, CO2)
at high temperatures (typically >900 C), whereas chemical acti-
vation is commonly achieved by forming a mixture of the carbon
with a solid activating agent solution such as KOH, ZnCl2, H3PO4 or
NaOH, among others. In the case of KOH (and NaOH) activation, two
mechanisms are thought to occur, namely: 1) oxidative ‘etching’ of
the carbon framework to generate pores, via the reaction:
6KOH þ 2C/ 2K þ 3H2 þ 2K2CO3 (3)
And 2) intercalation of the metal ions between graphitic do-
mains, which results in expansion and exfoliation of the graphene
sheets [50]. The aforementioned carbothermal reaction of Na2SO4
to Na2S (reaction i) could have a similar ‘etching’ effect, accounting
for the origin of the high surface areas and micropore volumes
observed. Evidence was also obtained which suggested the
contribution of Na intercalation to the activation process via
expansion and exfoliation of the graphitic domains. XRD patterns of
the carbonized samples after a) acid (2M HCl) and water washing,
and b) water washing only, were compared (Fig. S4). The average
stacking heights of the graphite microcrystallines (Lc), calculated by
employing the Scherrer equation, revealed a signiﬁcantly larger Lc
value for the water washed (WW) sample (8.80 nm) in comparison
to the acid washed (AW) sample (2.82 nm) (Table S1). This differ-
ence can be attributed to the fact that acid washing forcibly extracts
the intercalated Na from the graphite sheets, resulting in exfolia-
tion and thus a smaller value for Lc. It is also plausible for the
various pyrolysis gasses, such as SO2, CO, CO2 and H2O, to cause a
degree of ‘physical’ pore activation; however it would likely only be
a minor contribution, if anything, to the activation process at the
relatively low carbonization temperature of 800 C [50]. The
decomposition and removal of various functional groups (e.g. sul-
fonic acids and sulfoxides) at such temperatures could also play a
minor role in the increased porosity [51].
There are a small number of other reports which also detail this
interesting phenomenon of in-situ activation or porogen formation.
A recent example was the carbonization of the potassium salt of
poly(acrylamide-co-acrylic acid) that resulted in an activated car-
bon with a high surface area of 1372 m2 g1, with over 80% of the
pore volume attributed to themicropores [52]. It was proposed that
Fig. 3. Characterization of acid-washed carbonized monolith by N2 sorption at different degas temperatures. a) N2 sorption isotherms, b) pore size distribution proﬁles, c) rela-
tionship of the BET speciﬁc surface areas with degas temperatures, and d) relationship of the pore volumes (pore sizes <3.6 nm) with the degas temperatures.
Fig. 4. EXD analysis of the acid-washed carbon monolith, showing a) uniform distri-
bution of S, C and O, and b) relative intensity and the presence of other elements. Scale
bar ¼ 20 mm.
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micropores. In-situ activation can be considered as a useful process
because it removes the need for a subsequent activation steprequired by chemically-activated carbons, thus simplifying
processing.
Additional characterization and analysis of the i-PSSC and i-
PSSC-AW monoliths were performed to further elucidate their
nature. Elemental analysis was performed on the i-PSSC before and
after the acid wash. A large increase in the relative carbon content
(34.67e71.05 wt. %) was observed, along with a small increase in
the relative S content (14.07e17.07 wt. %) (Table S2). This was
accompanied by a large reduction in the relative H content from
1.69 to 0.54 wt. %, and also the combined O and Na content from
49.57 to 11.35 wt. %. This implies the removal of the species con-
sisting of predominantly Na, O and H e with some S e during the
acid wash. TGA was performed on the i-PSSC-AW (under N2) as
another measure of the S content of the material (Fig. S5). In this
technique, the sample is heated to induce sublimation of the S from
the sample e the amount of which is measured by the change in
mass as the temperature increases [48]. The TGA curve for i-PSSC-
AW showed two distinct changes in mass occurring between about
160 and 300 C, and 350 and 550 C (Fig. S5). The ﬁrst, lower
temperature, mass loss was attributed to the sublimation of
elemental S & decomposition of certain S-containing components
e and corresponded to 14.02 wt. % of the original mass, consistent
with the result from elemental analysis. The second, higher tem-
perature mass loss e which corresponded to a further 9.25% of the
original masse could be attributed to the decomposition of various
S-, O- and H- containing functional groups (e.g. carboxylates, sulf-
oxides, thiols, hydroxyl groups etc.).
FTIR was performed on the i-PSSC-AW sample to identify the
nature of functional groups present after carbonization (Fig. S6).
The broad peak at ~3400 cm1 was attributed to hydrogen-bonded
OeH stretching vibrations, with standard OeH stretching vibra-
tions also observed at ~2850 and 2925 cm1 [53]. The dual peaks at
~2320 and 2350 cm1 were attributed to aromatic thiols, and the
broad peak at ~1580 cm1 was attributed to aromatic skeletal C]C
vibrations. The broad peak at ~1110 cm1 was deemed to be the
peaks of aromatic and aliphatic carbonyl stretches, along with
symmetric and asymmetric S]O stretching vibrations associated
with sulphonyl and sulfoxide groups [53]. The peak at ~600 cm1
A.D. Roberts et al. / Carbon 95 (2015) 268e278274was attributed to SeO stretching vibrations. FTIR was also per-
formed on the non acid-washed sample (i-PSSC) to aid in the
identiﬁcation of any metal salt species which may not have been
detected by XRD measurement. Here, clearly more intense and
sharper peaks at ~620 and ~1100 cm1 were observed, which could
both be attributed to the sulphate species (SeO and S]O groups of
Na2SO4, respectively) as already detected by XRD. XPS was also
performed to further investigate the nature of the functional
groups within the i-PSSC-AW material (Fig. 5). A broad scan from
0 to 1100 eV detected the presence of carbon, oxygen and sulfur, at
atomic percentages of 55.57%, 20.62% and 23.82% respectively
(Fig. 5a). A detailed scan of the S domain (160e174 eV) showed two
distinct doublets (Fig. 5b); where the splitting of the peaks is due to
asymmetric spin orbit coupling common for sulfur and its com-
pounds. The splitting of the S peaks is caused by the energy dif-
ference between the S2p3/2 and S2p1/2 orbitals, which has the
speciﬁc energy of 1.18 eV. The peak at ~169 eV was attributed to
sulfoxide groups, whilst the peak at ~164 eV is concordant with
both elemental S and thiol groups [54].
Raman spectroscopy was employed to further investigate the
microstructure of the porous carbon, and revealed two overlapping
peaks at Raman shifts of about 1321 and 1588 cm1, whichFig. 5. XPS analysis of the i-PSSC-AW monolith. a) Broad scan range and b) narrow
scan of the sulfur energy region.correspond to the D- (disordered) and G-(graphitic) bands
respectively (Fig. 6a). The ratio of the intensity of the peaks, ID/IG,
was found to be 1.139 indicating a disordered semi-graphitic
structure concordant with the PXRD data. Hg intrusion porosim-
etry was employed to characterize the macropore size distribution
of the carbonized monoliths. It gave a pore volume of 3.19 cm3 g1
with the macropores predominantly in the size ranges of 1e3 mm,
5e7 mm and around 100 mm (Fig. 6b). The smaller macropores were
attributed to the ice-crystal templated structure e in concordance
with the SEM images e whereas the larger (~100 mm) macropores
were attributed to some cracks introduced during ice-templating or
carbonization and the nature of the aligned pores [55]. The total
pore area (only for the macropores) was measured as 73.66 m2 g1,
with a median pore diameter of 2.80 mm. TEMmicroscopy was also
performed to directly view the microstructure of the carbon at high
magniﬁcations (Fig. 6cef), revealing the semi-graphitic structure
and the micropores/mesopores.
It should be noted, for safety reasons, that after pyrolysis e upon
removal of the materials from the furnace and their exposure to
oxygen/moisture in the aire they underwent a strongly exothermic
reaction, to the point where the carbon materials would glow red-
hot and were in danger of undergoing spontaneous pyrophoric
combustione or igniting any nearby ﬂammable solvent vapours. To
glow red-hot (500e800 C) within seconds of their removal from a
cool furnace, this suggests a highly reactive species within the
material. This was also accompaniedwith the release of H2S (‘rotten
egg’ odour). It's not entirely clear what was causing this pyrophoric
behaviour, although it could be the reaction of elemental or carbon-
intercalated Na with moisture/O2, or the quenching of dangling
bonds/radicals within the material upon its exposure to O2. Heins
et al. also noted the phenomenon of a strong exothermic reaction
upon the exposure of pyrolysed polystyrene sulfonic acid-based
organic salts to air [51]. They attributed this observation to either
oxidation of well-dispersed sulﬁdes and metals, or the chemi-
sorption of oxygen onto the carbon matrix e with the formation of
functional groups at the edges of the carbon crystallites.
3.2. Mechanism discussion
The mechanisms discussed thus far propose the in-situ cross-
linking and activation during the carbonization process. However,
the origin of the elemental S identiﬁed within the carbon micro-
pores is not yet explained. Bandosz and co-authors have exten-
sively investigated the porosity and surface properties of porous
carbon obtained from polystyrene sulfonic acid-based organic salts
[51,56,57]. Decomposition of polystyrene and sulfonic acid at
around 450 C released different gases. Sodium sulphate formed
during carbonization and decomposed at 720 C. When the
carbonization was stopped at 800 C, sulphates were expected not
to be reduced totally [51,56]. The S content was around 3% by EDX.
The S was present in oxidized forms (sulfonic acid, sulfoxides and
sulfones) or incorporated to aromatic rings. It was also noticed that
the surface area could be increased signiﬁcantly at a higher
degassing temperature [57]. These studies did not show that the S
was present in elemental state and hence no discussion about how
the Swas formed [51,56,57]. In our study, however, we observed the
formation of high loading S (~14%) in the element state. A number
of plausible mechanisms exist for the formation of elemental S at
high temperatures, for instance, the oxidation of generated H2S or
reduction of generated SO2 with carbon, metallic Na or other spe-
cies which may have formed at such high temperatures [58,59]. We
believe it is unlikely that the S is formed in its elemental form
during carbonization, since the S would sublime easily at such high
temperatures. In fact, this sublimation behaviour of S above 150 C
is the basis of the commonly used TGA technique to determine the S
Fig. 6. a) Raman spectrum and b) macropore pore size distribution for the acid-washed carbonized porous monolith. cef) TEM images of i-PSSC-AW displaying the morphology at
different magniﬁcations (scale bars ¼ 100 nm).
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elemental S forms during the acid-wash of the porous carbons after
carbonization. Upon acid washing, a cloudy, white/yellow precipi-
tate could be observed beside the release of H2S (as evidenced by
the characteristic odour) (SI, Fig. 7). This cloudy suspension is
similar to the one formed during the thiosulfate ‘clock’ reaction
[61].
However, we have no direct evidence of Na2S2O3 formed upon
pyrolysis because its PXRD pattern (JCPDS no. 70-1909) did not
match the experimental data, nor was it conﬁrmed by FTIR, XPS or
by any other means. The S could also plausibly be formed via the
following route during the acid washing procedure ( [62]:
Na2Sx þ 2HCl/ (x1)S þ H2S þ 2NaCl (4)
Na2S þ (x1) S/ Na2Sx (5)
The presence of Na2Sx was not clearly detected. However,
considering the dominating phase of Na2S$3H2O in Fig. 2f, thereactions (iv) and (v) could shed some lights on the formation of S.
The clear evidence and explanation on how S was formed need to
be further investigated.
The reaction mechanisms can thus be summarized as: 1) On
heating to ~450 C, intermolecular crosslinking reactions occur,
stabilizing adjacent polymers and helping preserve the ice-
templated porous structure upon pyrolysis. These reactions also
result in the simultaneous formation of Na2SO4. 2) On continued
heating to 800 C, pyrolysis occurs along with simultaneous acti-
vation via the carbothermal reduction of Na2SO4 to Na2S/Na2Sx,
exfoliation of the graphite sheets through Na intercalation, and
possibly to a lesser degree through physical gasiﬁcation with the
release of pyrolysis gasses. 3) After acid washing, elemental sulfur
was formed within the micropores of the carbon. The sulfur can be
removed by heating under vacuum (degassing), revealing a high
surface area (>1000 m2 g1) activated carbon. In the Supporting
Information, we also give a detailed discussion, review and com-
parison of our ﬁndings with previous literature reports. The ﬁnd-
ings of these previous studies are concordant with our observations
Fig. 7. a) CV curves, b) CCP curves and c) cycle stability proﬁle for the PSSC-80 material
tested as a LieS battery cathode material.
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mechanisms.3.3. Increasing S content and LieS battery testing
With the proposed mechanism behind the in-situ activation and
S formation, it was hypothesised that incorporating additional
Na2SO4 into the porous structure would further increase the S
content. The goal was to increase the S content for the carbon
materials to be considered viable as LieS battery cathode materials
(typically >40 wt. % S) or for other applications where the content
of S contributes positively. The ice-templating strategy is ideal for
such a goal, requiring only the simple dissolution of Na2SO4 into the
initial Na-PSS solution prior to directional freezing [41]. By
employing this strategy, ice-templated Na-PSS monoliths withNa2SO4 concentrations as high as 80 mg cm3 (approx. 2:1 of PSS to
Na2SO4) could be obtained and successfully carbonized. Higher
Na2SO4 concentrations were also attempted, however in these in-
stances the monoliths burnt away upon carbonization leaving a
yellow solid in the base of the crucible rather than a porous carbon
material. The yellow solid, likely to be Na2S according to our pro-
posed mechanism, reacted violently on addition of HCl releasing a
strong odour of H2S as would be expected through the reaction
shown in Eq. (2).
Carbonization, acid-washing and microanalysis of the Na2SO4-
eincorporated PSS did increase the S content (Table S3) with the
increasing Na2SO4 concentration. The highest S content, as deter-
mined by CHNS microanalysis, was 39.74 wt. % with the
80 mg cm3 added Na2SO4 system (denoted PSSC-80). TGA was
performed on the material to differentiate between elemental S,
and S within functional groups such as thiols and sulfoxides.
However, unlike the standard i-PSSC-AW material, only one mass
loss was observed in this case e which corresponded to 42.9 wt. %
of the original material (Fig. S8). Even at a relatively slow heating
rate of 5 C min1, still only one peak was observed, meaning the
proportions of elemental S and S from functional groups could not
easily be distinguished. SEM images of the PSSC-80 sample
conﬁrmed the retention of the ice-templated morphology (Fig. S9).
Due to its relatively high S content, the PSSC-80 material was
selected as a representative sample for performance evaluation as a
LieS battery cathodematerial. Coin cells were prepared using PSSC-
80 as the cathode after initially grinding into a powder via pestle
and mortar, with metallic lithium as the anode. The cyclic vol-
tammerty (CV) curves (voltage range 1.9e2.7 V) show the typical
redox behaviour as expected for a LieS battery system e displaying
two peaks on the negative sweep at approximately 2.3 and 2 V vs.
Li/Liþ, which are attributed to the ring-opening reduction of S8 to
Li2S4 and Li2S4 to Li2S2/Li2S, respectively. The broad peak on the
positive sweep at about 2.3 V is associated with the reverse re-
actions occurring (oxidation of Li2Sx species back to LiS8) (Fig. 7a)
[30]. Constant current potentiometry (CCP) was employed to
evaluate the chargeedischarge behaviour of the PSSC-80 material
(Fig. 7b). This also displayed the characteristic voltage proﬁles for
the charge and discharge curves for a LieS battery system e with
voltage plateaus at 2.3 and 2 V vs. Li/Liþ attributed to the ring
opening of S8 to Li2S4 before Li2S4 to Li2S2/Li2S in concordance with
the CV data [30]. However the measured capacity, at a current
density of 100 mA g1, was fairly low at only 183.4 mAh g1 for the
ﬁrst discharge, which stabilized at about 136 mAh g1 after 15
cycles (Fig. 7c). This performance is about an order of magnitude
lower than for other high-performance carbon-sulfur composites
LieS reported in the literature. One study on the role of LiNO3 in
rechargeable LieS battery found that LiNO3 could be reduced
irreversibly on the cathode surface and adversely affect the
reversibility and capacity of LieS battery [63]. This effect could be
avoided by raising the cut-off voltage higher than 1.6 V. In order to
see whether the performance could be improved for our carbon
material as cathode, the CV and CCP measurements were also
carried out at the lower cut-off voltage of 1.6 V vs. Li/Liþ (Fig. S10).
Although CCP showed a higher initial discharge capacity of
608.4 mAh g1, this decayed rapidly e falling to 191.2 mAh g1 on
the second cycle and only 79.2 mAh g1 by the 15th cycle (Fig. S10a
& S10b). Further investigation by CV revealed a broad, irreversible,
reduction at ~1.7 V vs. Li/Liþ (Fig. S10c) e as the cause of this
reduced performance, which was attributed to the reduction of
LiNO3 in the electrolyte. Other authors have shown that S-con-
taining microporous carbon can exhibit high lithium electroactivity
in carbonate based electrodes where S2e4 rather than the common
S8 molecules are conﬁned in the 0.5 nm micropores [64]. The S2e4
can avoid the transition from S8 to soluble S42 in the carbonate-
A.D. Roberts et al. / Carbon 95 (2015) 268e278 277based electrolytes, leading to the loss of S. We therefore performed
the CV and CCP measurements on our materials (due to the high
percentage of micropores) with an electrolyte consisting of 1M
LiPF6 in ethylene carbonate/dimethyl carbonate (1:1 wt. %); how-
ever the performance was not improved. With a cut-off voltage of
1 V vs. Li/Liþ, the initial discharge capacitywas 583mAh g1, but fell
to 140.1 mAh g1 on the second discharge (Fig. S11). Despite the
low capacity the shape of the CV curves were still concordant with
other reports where carbonate-based electrolytes had been
employed with carbon micropore-conﬁned S e showing just one
broad reduction peak at ~1.6 V vs. Li/Liþ rather than the usual two
distinct peaks typically observed [30,64]. Despite the poor perfor-
mance, the results demonstrate that this technique can produce
materials with the potential as cathode materials for LieS batteries.
This low performance was attributed to a large proportion of the S
not being utilized, either due to non-access to the electrolyte (i.e.
being fully entrapped within the carbon), or due to its restrictive
conﬁnement within the micropores preventing the necessary
volumetric expansion of the S on forming Li2S. A similar phenom-
enon was previously observed that the electrochemical perfor-
mance of micropore-conﬁned sulfur in carbon spheres decreased
signiﬁcantly with the full saturation of S within micropores with a
capacity of about 100 mAh g1 at a cut-off voltage of 1.5 V [30].4. Conclusions
Hierarchically porous sulfur-containing activated carbons have
been prepared via the ice-templating of aqueous Na-PSS solutions
and subsequent pyrolysis. On heating to 450 C, intermolecular
crosslinking occurs along with the in-situ generation of Na2SO4. The
crosslinking stabilizes the structure during carbonization at higher
temperatures whilst the generated Na2SO4 acts as a chemical
activating agent. Continued heating to 800 C under Ar induces
carbonization, activation and generation of Na2S and other sulfur-
salts. Then, with a simple acid wash, it is hypothesised that sulfur
salts within the carbonized material are converted to elemental S.
The process can be regarded as a signiﬁcant step forward in terms
of simpliﬁcation of processes to prepare hierarchically porous
sulfur-containing carbons, which would typically employ relatively
complex templating strategies along with separate activation and
sulfur-infusion steps. Mechanisms behind the processes were dis-
cussed and are supported by empirical observations and charac-
terizationwith various techniques. The Swas found to residewithin
the micropores of the carbon, and could be selectively removed via
degassing (heating under vacuum) at various temperatures to in-
crease the speciﬁc surface areas as high as 1051 m2 g1, thus
providing an easy way to tune surface area and pore volumes. This
porous S-containing carbon material can be used as cathode for
LieS battery although the capacity is not high at this stage. Further
investigation and optimization of the material, its analogues, and/
or composites may have enhanced applications in areas such as
energy storage (e.g., LieS battery), heterogeneous catalysis or water
treatment which employs porous carbon-sulfur composite
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